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We demonstrate an efficient control of 29Si nuclear spin orientation for specific lattice sites near 31P
donors in silicon crystals at temperatures below 1 K and in high magnetic field of 4.6 T. Excitation
of the forbidden electron-nuclear transitions leads to a pattern of narrow holes and peaks in the ESR
lines of 31P. The pattern originates from dynamic polarization the 29Si nuclear spins near the donors
via the solid effect. This method can be used for initialization of qubits based on 29Si nuclear spins
in the all-silicon quantum computer. In comparison, polarization of 29Si performed by pumping the
allowed ESR transitions, did not create any patterns. Instead, a single narrow spectral hole was
burnt in the ESR line. The difference is explained by a rapid spin diffusion during the microwave
pumping of the allowed transitions.
PACS numbers: 76.30.-v,71.70.-d,32.30.Dx,76.70.Fz
Nuclear spins are among the best candidates for qubits
of a quantum computer (QC). Long coherence times and
well known magnetic resonance techniques to control and
read-out the spin states are the main arguments behind
the Kanes suggestion [1] of utilizing nuclear spins of phos-
phorus donors in silicon (Si:P) for this purpose. However,
a practical realization of this idea meets with the diffi-
culties of manufacturing complicated nano-structures for
manipulating and detecting single spins. Another ap-
proach relies on the idea of utilizing large ensembles of
identical spins operating coherently, which greatly en-
hances the net response of the system. Thus a success-
ful 12 qubit operations were realized using nuclear mag-
netic resonance (NMR) of molecules in liquids [2]. Dif-
ferent nuclei of the molecules can be addressed because
of tiny differences in their resonance frequencies caused
by the chemical shifts. A similar approach, also based
on large spin ensembles, utilizes spectral holes in inho-
mogeneously broadened spectral lines [3]. In this case
spectrally resolved spin packets with different resonance
frequencies are selectively addressed.
Spin dynamics of P donors in silicon is strongly influ-
enced by the spin-1/2 29Si nuclei located inside the rel-
atively disperse electron cloud of the donor. For normal
isotopic composition there are about 70 such nuclei. In-
teractions of P electron with these nuclei leads to a loss of
coherence of the electron spin. Therefore, the 29Si nuclei
were considered as a nuisance and substantial research ef-
forts were directed to the studies of isotopically purified
silicon [4–6]. However, the spins of 29Si nuclei can be also
used as qubits [7, 8]. Several 29Si nuclei having different
interactions with the donor electron may be addressed
selectively by RF excitation. The number of qubits is
then defined by the amount of spectrally resolved 29Si
nuclei inside the donor electron cloud and may exceed
several tens. One may utilize ensembles of these qubits
for building an all-silicon QC, in a manner similar to that
of the liquid state NMR QC [2].
In this work we demonstrate a simple and efficient way
to control and read-out 29Si nuclear spins in specific lat-
tice sites near P donors. We found that pumping the
forbidden electron-nuclear spin transitions leads to un-
expected changes in the shape of phosphorus ESR lines.
We observed patterns of narrow spectral holes and peaks
corresponding to polarization of 29Si in definite places
within the donor electron cloud. The 29Si dynamic nu-
clear polarization (DNP) is created via the resolved solid
effect (SE), and the locations and amplitudes of the holes
and peaks coincide well with the calculations. Polariza-
tion of 29Si via the Overhauser effect (OE) by pumping
the allowed ESR transition, leads to a burning of a sin-
gle narrow spectral hole. The absence of patterns in this
case is explained by a fast nuclear spin diffusion during
pumping. The polarized states of 29Si survived for many
hours. We explain the long life time by locking the 29Si
nuclear spins inside a spin diffusion barrier around the
donors.
We used a sample of phosphorus doped (n(P) ≈ 6.5×
1016 cm−3) natural silicon (4.7 % 29Si), cut to a 2 × 2
mm wide and 70 µm thick square with the 〈111〉 crys-
tal axis perpendicular to the sample surface and paral-
lel to the static magnetic field. The sample was glued
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FIG. 1. (Color online) (A) Level diagram and ESR transi-
tions of electron spin interacting with a 31P and 29Si nuclear
spins in strong magnetic field. Arrows in the brackets denote
the donor electron, 31P, and 29Si nuclear spin states. Dashed
arrows mark the allowed ESR transitions, dotted arrows -
forbidden transitions with simultaneous spin flips of electron
and 29Si nuclear spins.(B) Schematic of relevant transitions
in Si:P ESR spectrum. The main phosphorus ESR transi-
tions are illustrated with long green lines and the forbidden
electron-29Si spin transitions with the short red lines.
on the flat mirror of an open Fabry-Perot resonator [9]
connected to a cryogenic heterodyne EPR spectrometer
operating at a frequency of 128 GHz [10] in a magnetic
field of 4.6 T. The spectrometer provides high sensitiv-
ity at ultra-low excitation powers of several pW without
field or frequency modulation, using a synthesized, nearly
monochromatic, mm-wave source [11]. This provides sen-
sitive detection of undistorted absorption and dispersion
ESR lineshapes with high resolution. For pumping the
ESR transitions the highest available excitation power of
400 nW was used. Sample cell was cooled to tempera-
tures below 1 K by a dilution refrigerator.
The well known ESR spectrum of 31P in silicon consists
of two lines, separated by 42 G due to the hyperfine in-
teraction of the donor electron with its own nucleus. The
superhyperfine interactions with 29Si nuclei lead to fur-
ther level splittings and to ≈ 4 G broadening of the 31P
ESR line (Fig. 1A). In strong magnetic fields the forbid-
den transitions are well separated from the allowed ones
(Fig. 1B), and one may realize resolved SE or OE. In this
work we shall consider transitions for the 29Si:P system.
The nuclear spin of the donor remains unchanged.
We performed SE DNP of the 29Si by pumping one
of the four forbidden transitions located at ±13.9(1) G
from the ESR lines of 31P (Fig. 1B). The forbidden tran-
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FIG. 2. (Color online) (A) Spectrum of the solid effect after
exciting |↓⇑⇑〉 → |↑⇑⇓〉 transition at 200 mK for 36 min. The
dashed black line is a Gaussian fit to the line. The red solid
line with the burned hole is the spectrum just after the DNP
with solid effect. The green curve with flat background is
subtracted spectrum multiplied by two. (B) Solid effect ESR
spectrum of transitions (|↓⇑⇑〉 → |↑⇑⇓〉) (exited for 115 min)
and (|↓⇑⇓〉 → |↑⇑⇑〉) (exited for 140 min) plotted correspond-
ingly with green solid and blue dashed line.
sitions are too weak to be detected directly, but the result
of the pumping can be seen well in the ESR line. In Fig.
2A the low field line is shown after 36 min of pumping
the |↓⇑⇑〉 → |↑⇑⇓〉 transition at temperature of 200 mK.
Subtraction of the undisturbed ESR line reveals an anti-
symmetric pattern of peaks and holes. A similar experi-
ment performed on the |↓⇑⇓〉 → |↑⇑⇑〉 transition located
at -13.9 G from the low field line, produced an inverted
pattern. In Fig. 2B we present both patterns obtained af-
ter 200 signal averages for improving the signal-to-noise.
At temperatures below 1 K the patterns can be studied
for many hours without any significant change in their
shape. Similar results were obtained after pumping the
forbidden transitions near the high field line of 31P. The
resulting pattern, as we will show below, is caused by the
DNP of 29Si in certain lattice sites. This is a new and im-
pressive feature of the resolved SE, especially taking into
account the relatively weak saturation of the forbidden
transitions with small (400 nW) ESR power.
For the explanation of the observed patterns we con-
sider a donor electron spin interacting with N 29Si nuclei.
Energy levels can be found using the following Hamilto-
3nian
H = −geµbB0Sz+
N∑
k=1
(−gnµnB0Iz,k−akSzIz,k−S·Tk·Ik).
(1)
Here ge = −1.99875 and gn = −1.11058 are the P elec-
tron and 29Si nuclear g factors, µb and µn are the Bohr
and nuclear magnetons, S and I are the electron and nu-
clear spin operators, ak is the Fermi contact interaction
and Tk is a symmetric tensor of the anisotropic hyper-
fine interaction. The index k labels lattice sites randomly
occupied by 29Si nuclei. Using the following approxima-
tions |geµbB| ≫ |gnµnB| ≫ |ak| ≫ |Tk|, and neglecting
the anisotropic hyperfine interaction the frequencies of
the allowed transitions are (ref. [12, 13])
hfx = geµbB0 −
N∑
k=1
mk
ak
2
, (2)
with mk = 4msmI,k = ±1, where ms and mI,k are the
magnetic quantum numbers of the electron and nuclear
spin in the site k. Each donor in the sample has a specific
number and configuration of surrounding 29Si, which we
label with N and x. This leads to a spread of the energy
levels and inhomogeneous broadening of the allowed and
forbidden transitions. Let’s consider a flip-flop transition
with the flop of a single 29Si spin in a lattice site l. The
frequency is
hf
′
x,l = geµbB0 + gnµnB0 −
N∑
k=1
mk
ak
2
− al
2
. (3)
However, the difference between the forbidden and al-
lowed transition frequencies does not depend on x, or on
the states of the nuclei k 6= l which are not involved in
the transition. Indeed, we find from Eqs. (2) and (3):
h(f
′
x,l − fx) = gnµnB0 −
al
2
. (4)
The distance between the allowed and forbidden tran-
sition is solely a function of the hyperfine constant for
the lattice site l where the nuclear 29Si spin is flipped.
Following the spin transfer path for SE via the flip-flop
transition and subsequent electron relaxation (see Fig.
1A) we expect to find a peak on the left and a hole on
the right both separated from the center of the pattern by
±al/2. For the flip-flip transition the pattern is inverted,
which agrees well with our observations (Fig. 2).
For calculating the intensities of the flip-flip and flip-
flop transitions we use the Hamiltonian (1). Now we
take into account the anisotropic hyperfine interaction
[12, 14, 15] because it slightly mixes the spin states. How-
ever, we can safely neglect the off-diagonal terms of the
Hamiltonian connecting different Sz states [13] and direct
interactions between 29Si spins. Evaluating the transi-
tion probabilities for each lattice site k we find predic-
tions for the SE patterns [16] which are in good agree-
ment with our observations (Fig. 3).
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FIG. 3. (Color online) Spectrum of the solid effect (green)
and calculated spectrum (dashed blue). The calculated tran-
sition probabilities are marked with the black vertical lines.
The small splittings of the transitions are due to anisotropic
hyperfine interaction. Above the peaks in the spectrum the
coordinates of the lattice sites together with the number of
lattice sites belonging to each line are marked.
Next, we studied DNP of 29Si by pumping the allowed
ESR transitions. Saturating at some point of an inhomo-
geneously broadened ESR line typically results in a spec-
tral hole caused by the depolarization of electron spins.
After removing the excitation the hole vanishes due to
electron spin relaxation or diffusion. However, the elec-
tron spin polarization may be transferred to the nuclei of
surrounding 29Si via the DNP processes. This will also
result in a spectral hole which will fade out very slowly,
with the rate determined by the nuclear relaxation. Hole
burning experiments on Si:P performed earlier in low
magnetic fields and at high temperatures[12, 17, 18] have
not clarified the actual mechanisms of the hole burning
and relaxation.
Results of pumping for several minutes at the center
of the low-field ESR line are presented in Fig. 4A. A
single hole appeared in the spectrum accompanied with
two narrow peaks on both sides. The observed ≈ 15
mG width of the hole in reasonable agreement with the
transversal relaxation rate of the electron spin T−12 ≈ 40
kHz [19]. Next, we pumped using FM modulated source
with 100 Hz rate and 100 kHz deviation. This also cre-
ated a hole and a broader peak at the high field side of
the hole (Fig. 4B). In either of the cases above we have
not observed any pattern of holes and peaks, contrary to
the SE DNP experiments. Finally, we performed pump-
ing with the FM deviation of ±3 MHz. This resulted in
a ”burnt” window (Fig. 4C) with a strong peak near the
right edge and much weaker peak near the left edge.
At temperatures below 0.5 K the results of the ESR
line pumping: holes, peaks and windows faded out very
slowly, with the characteristic time of several hours,
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FIG. 4. (Color online) (A) The narrowest burned hole in the
low field line. (B) Low field ESR line of Si:P recorded before
and after burning a hole. The inset shows the hole without
the background signal. (C) Lineshape after applying ESR
pumping with 3 MHz FM modulation at 40 nW power to the
center of the low field line for 10 min.
much longer than the electron spin-lattice relaxation time
T1 ≈ 0.2 s. We were able to destroy the patterns and
holes created by SE and OE by applying excitation at
the NMR frequency of 29Si to the RF coil located near
the Fabry-Perot resonator [9]. All the observations above
show unambiguously that the pumping of the spin pack-
ets leads, not only to their saturation, but also to redis-
tribution of the 29Si nuclear spin orientations near the
phosphorus donors.
For the explanation of the hole burning experiments
we take into account the 29Si nuclear spin diffusion. This
process has a high rate & 10−14 cm2/s in bulk silicon
crystal [20] but is strongly suppressed inside a so-called
diffusion barrier created by the dipole fields of the elec-
tron spins near donors [21]. The 10 nm size of the dif-
fusion barrier in natural silicon is much larger than the
span of the donor electron cloud. A weak saturation of
the forbidden transitions in the SE experiments does not
destroy the diffusion barrier. Therefore, the 29Si polar-
ization created with the SE remains at the original lattice
sites for a long time.
In the OE experiment, on the contrary, the allowed
transitions are fully saturated and thus the electron spins
are depolarized. This quenches the diffusion barrier [21]
and allows rapid spreading of the 29Si polarization. The
OE polarization, arising near the donor where the 29Si
have the strongest interaction with the donor electron, is
rapidly conducted away from the donor to the nuclei with
weaker interactions. This explains why we do not ob-
serve patterns of peaks and holes in the OE DNP exper-
iments. Once the 29Si nuclear spin is flipped, the donor
nearby gets out of resonance. Then the spin diffusion
barrier develops around the donor with a characteristic
time T1 ≈ 0.2 s. The 29Si polarization may propagate
over a distance of few lattice constants during T1 before
getting frozen. Such redistribution of the 29Si nuclear
polarization under pumping may lead to appearance of
the sharp peaks near the burnt hole, as is observed in
our experiments (Fig. 4). During a window pumping the
donors are not getting out of resonance, but rather re-
main inside the window and are re-pumped again. That
is why the peaks at the sides of the window are much
stronger.
Next we explain why the stronger peak appears at
the high field (right) side of the burnt window. During
the OE pumping we excite equal amounts of the allowed
|↓⇑⇓〉 → |↑⇑⇓〉 and |↓⇑⇑〉 → |↑⇑⇑〉 transitions if the 29Si
spins are unpolarized. Because the flip-flop relaxation is
usually faster than the flip-flip [22], the OE will enhance
population of the |↓⇑⇑〉 state. Since the |↓⇑⇑〉 → |↑⇑⇑〉
occur in higher sweep field, such re-distribution of the
spin states leads to the increase of the signal on the right
side from the pumping position. Calculating the areas
of the peaks on the right and left of the pumped win-
dow in Fig. 4C we evaluate the ratio of the flip-flop and
the flip-flip relaxation rates ≈ 8. This is substantially
smaller than for the similar flips of 31P and its own nu-
cleus [9], and may be caused by a stronger anisotropy of
superhyperfine interactions.
Once the 29Si nuclear spins are polarized in the dis-
tinct shells, they can be further manipulated by applying
resonant microwave pulses at the frequencies of the cor-
responding NMR transitions. Coherent superpositions
of spin-up and down (qubit) states for the ensembles of
29Si nuclei can be created. The NMR manipulations will
lead to the shifts of the positions of the peaks in the
ESR line, and thus the projections of the spin up and
down states can be measured. In the patterns presented
in Fig. 3 two locations are well resolved: the (4,0,0)
and (4,4,0) sites, having NMR frequencies f(4,0,0)≈41.88
MHz, f(4,4,0)≈41.15 MHz. The separation between the
peaks corresponding to the different lattice sites can be
changed by varying the orientation of the Si crystal in
magnetic field. It might be beneficial using isotopically
enriched 29Si crystals for getting larger ensembles of nu-
clei and improving signal-to-noise.
In a conclusion we have demonstrated that the solid
effect DNP can be used for polarizing 29Si nuclei located
in specific lattice sites near phosphorus donors. Spin dif-
fusion does not destroy the polarization inside the dif-
fusion barriers. In the OE DNP the diffusion barrier is
quenched due to saturation of allowed electronic transi-
tions which leads to a rapid spread of polarization in the
bulk of the silicone crystal. The SE DNP demonstrated
in our work, opens up possibilities of using ensembles of
29Si nuclear spins for quantum information storage and
processing with the read-out based solely on ESR tech-
5nique.
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SUPPLEMENTARY MATERIAL
The Hamiltonian describing superhyperfine level splitting of an electron spin S interacting with a 29Si nuclear spin
Ik is
H = H0 +H
′ = −geµbB0Sz − gnµnB0Iz,k − akS · Ik − S · Tk · Ik, (5)
where H0 = −geµbB0Sz − gnµnB0Iz,k − akS · Ik is the isotropic part, and Hk = S · Tk · Ik is the anisotropic part of
the Hamiltonian with the gyromagnetic factors ge and gn being negative. The isotropic superhyperfine constant ak is
given by
ak =
2µ0
3
geµbsgnµn~
2|ψ(rk)|2,
where ψ is the electron wavefunction. The minus sign before ak in the Eq. (5) takes into account the negative gn of
the 29Si making the values of the superhyperfine constant positive. The anisotropic superhyperfine interaction tensor
Tk for the electron with the nuclei in position rk = (rk,x, rk,y, rk,z) is
Tk(i, j) =
µ0
4pi
geµbgnµn~
2
〈
ψ
∣∣∣∣rk
2δij − 3rk,irk,j
r5k
∣∣∣∣ψ
〉
.
In the matrix form the spin projections are defined as
ψ =


↑⇑
↑⇓
↓⇑
↓⇓

 ,
6FIG. 5. Coordinate axis of Tk tensor in Si lattice.
where ↓ is the electron spin and ⇓ is the 29Si nuclear spin. The isotropic part of the Hamiltonian (index k is omitted)
is
H0 =


−a
4
− geµBB0
2
− gnµnB0
2
0 0 0
0 a
4
− geµBB0
2
+ gnµnB0
2
−a
2
0
0 −a
2
a
4
+ geµBB0
2
− gnµnB0
2
0
0 0 0 −a
4
+ geµBB0
2
+ gnµnB0
2

 , (6)
which gives the energy eigenvalues
E0 =


−a
4
− geµBB0
2
− gnµnB0
2
1
4
(
a− 2
√
a2 + (gµB − gnµn)2B20
)
1
4
(
a+ 2
√
a2 + (gµB − gnµn)2B20
)
−a
4
+ geµBB0
2
+ gnµnB0
2


≈


−a
4
− geµBB0
2
− gnµnB0
2
a
4
− geµBB0
2
+ gnµnB0
2
a
4
+ geµBB0
2
− gnµnB0
2
−a
4
+ geµBB0
2
+ gnµnB0
2

 .
The separations of the peak patterns in the ESR spectrum are given by the differences between the flip-flip ↓⇓→↑⇑
or the flip-flop ↓⇑→↑⇓ and the allowed transition (↓⇓→↑⇓, ↓⇑→↑⇑) frequencies. E.g. difference between the allowed
and the flip-flop transition frequency,
∆fk = ((E0(1)− E0(3))− (E0(2)− E0(3))) = −gnµnB0 − ak
2
,
is positive, indicating that the flip-flop transition is at higher sweep field on the right-hand side of the allowed
transitions.
Due to the symmetry of the silicon crystal the lattice sites can be divided into lattice shells (A,B,C, ...) for which the
Tk tensors are not independent. Every lattice site in the crystal belongs to one of the shells. In addition, each shell can
be assigned to one of 4 classes (S1, S2 , S3 and S4) depending on the symmetry of the shell. There are 6 independent
components in Tk in most general case which is the class S4. For all the other classes only ≤ 4 components are needed.
7TABLE I. Values of isotropic and anisotropic superhyperfine constants in kHz units for Si:P for various shells. Class refers to
symmetry class of the shell and Nr. refers to the number of lattice sites in the shell. The values are calculated from the refs.
[12, 14, 15].
Shell Site Class Nr a
2
Txx Tyy Tzz Txy Txz Tyz
A 004 1 6 2981 -20.7 -20.7 41.4 41.4 0 0
B 440 2 12 2254 17 17 -34 106.2 -39.8 -39.8
C 333 3 4 1649 0 0 0 5 -5 -5
D 337 2 12 1117 -1.8 -1.8 3.6 16.6 22.2 22.2
E 111 3 4 270 0 0 0 700 700 700
F 331 2 12 840 -58.2 -58.2 116.4 -28.2 -11.8 -11.8
G 773 2 12 764 -2.5 -2.5 5 -1.2 5 5
H 444 3 4 689 0 0 0 50.6 -50.6 -50.6
I 228 2 12 685 8.7 8.7 -17.4 27.8 13.8 13.8
M 224 2 12 612 20.3 20.3 -40.6 49.6 35.6 35.6
O 444 3 4 598 0 0 0 32.6 32.6 32.6
Q 115 2 12 524 20.1 20.1 -40.2 84 22.8 22.8
R 771 2 12 379 -10.5 -10.5 21 0.2 19.4 19.4
X 551 2 12 317 -14.7 -14.7 29.4 23.6 32.2 32.2
All the closest lattice sites belong to the first 3 classes (S1 − S3). The symmetry constraints of Tk components for
each shell are taken from ref. [14] and together with the requirement of Tr[T ] = 0 all the components of Tk can be
calculated. We present the components of the anisotropic hyperfine tensor
Tk =


Txx Txy Txz
Txy Tyy Tyz
Txz Tyz Tzz


in Table I for some of the closest shells.
Now, if Tk is known for one nucleus in a shell, the others can be evaluated by using rotations of the shell class,
exchanging any of the two nuclei in the shell and not influencing the lattice or the dopant structure [14]. This can be
achieved with a combination of two rotation operators Rx(θ) and Ry(θ) rotating the lattice around x- and y-axis shown
in Table II. Finally the whole lattice is rotated so that the B0 field is aligned with the 111-axis (angle θ = 54.74
◦).
The transformed components T
′
k are then given by
T
′
k = R
T
x [−θ] ·RTz [−pi/4] · Ri[θi] ·Rj [θj ] · Tk ·RTj [θj ] · RTi [θi] ·Rz[−pi/4] ·Rx[−θ],
where Ri and Rj are x and y rotations by the angles θi and θj which depends on the class of the shell (Table II).
Now, in the high field aproximation |Tij | ≪ |geµBB0| we neglect the components of Tk connecting different electron
spin states [13]. The anisotropic part of the Hamiltonian is then
H ′ =


−T
′
zz
4
−T
′
xz
4
+
iT
′
yz
4
0 0
−T
′
xz
4
− iT
′
yz
4
T
′
zz
4
0 0
0 0
T
′
zz
4
T
′
xz
4
− iT
′
yz
4
0 0
T
′
xz
4
+
iT
′
yz
4
−T
′
zz
4


. (7)
This Hamiltonian mixes the undistorted states of the isotropic Hamiltonian H0 (Eq. (6)), thus making the flip-flip
and flip-flop transitions allowed. The probabilities of these transitions excited by the transversal microwave field are
∝ B1 · S, which for linear excitation is B1Sx. Using the Fermi’s golden rule we get
Pij = C1 |〈φi|Sx |φj〉|2 ,
8TABLE II. Rotations of the symmetry in different shell classes.
Nr. S1 S2 S3
1 0 0 0
2 x(pi) x(pi) x(pi)
3 y(pi
2
)x(pi
2
) y(pi) y(pi)
4 y(pi
2
)x(−pi
2
) y(pi)x(pi) y(pi)x(pi)
5 x(pi
2
)y(pi
2
) y(pi
2
)x(pi
2
)
6 x(pi
2
)y(−pi
2
) y(−pi
2
)x(−pi
2
)
7 x(pi
2
)y(pi
2
)
8 x(−pi
2
)y(pi
2
)
9 x(pi
2
)y(−pi
2
)
10 x(−pi
2
)y(−pi
2
)
11 y(−pi
2
)x(pi
2
)
12 y(pi
2
)x(−pi
2
)
TABLE III. Superhyperfine energies including anisotropic interaction and flip-flop transition probabilities Γk in Si:P when the
magnetic field is parallel to the [111]-axis of the crystal. Only the shells which are used in the calculated spectrum on Fig. 3
in the main article are listed. Transition probabilities are given relative to the allowed transition probabilities.
Shell Nr. Energy (kHz) Γk(10
−9) Shell Nr. Energy (kHz) Γk(10
−9)
A 3 2994.8 16 H 1 739.6 0
A 3 2967.2 398 H 3 672.1 376
B 3 2316.0 509 I 3 703.5 59
B 3 2262.9 1434 I 3 685.1 168
B 6 2218.6 288 I 6 675.7 21
C 1 1654.0 0 M 3 652.3 206
C 3 1647.4 4 M 3 604.8 784
D 3 1137.3 4 M 6 595.5 144
D 6 1111.5 72 Q 3 567.2 542
D 3 1107.7 41 Q 3 536.8 1025
E 1 970 0 Q 6 496.0 78
E 3 35.3 71970 O 1 630.6 0
F 6 849.4 803 O 3 587.1 156
F 3 838.4 1692
F 3 822.7 1340
where C1 is a constant dependent on the cavity coupling and the excitation power. In Table III we list the flip-flop
transition probabilities normalized to the allowed transition probabilities as:
Γk =
|〈↑⇓|Sx |↓⇑〉|2k
|〈↑⇑|Sx |↓⇑〉|2k
.
The calculations give equal values for the flip-flip and flip-flop transition probabilities.
The observed spectrum (see Fig. 3 in main text) after exciting the flip-flop or flip-flip transition depends on the
strength and duration of the microwave excitation B1. During the excitation each hole and peak in the pattern grows
according to its transition rate Γk. A following fitting function was used to compare the measured pattern to the
9calculated transition probabilities:
S(∆f) = A
N∑
k=1
(1− exp(−Γktp))Gk(∆f), (8)
where Gk(∆f) is the lineshape function, tp is the effective ESR pumping time which depends on the excitation field
strength and C is the linewidth. A Gaussian function
Gk(∆f) =
1
C
√
2pi
exp(− 1
2C2
(∆f ± ak
2
)2)
was used as the intrinsic lineshape. The +(-) in the equation is used for fitting the peaks after pumping the flip-flop
(flip-flip) transitions. The Eq.(8) was fitted for the first 11 shells (listed in Table III) around the donor having a
significant Γk and A, tp and C were used as the fitting parameters. Fitting results are compared with experimental
data in Fig. 3 of the main article.
